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Metabolism and Excretion of Injected [

3
H]-Ecdysone
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Abstract. The dynamics of ecdysteroid metabolism and

excretion were followed in adult lobsters. Homarus amer-

icanus. Females at five different molt stages were injected

with [

3

H]-ecdysone. Levels of
[

3
H]-20-hydroxyecdysone

(20E), converted from
[

3
H]-ecdysone, rose rapidly and

remained significantly higher in premolt stages D and

D, . In contrast, significant increases in the levels of highly

polar ecdysteroid metabolites (HP) occurred primarily in

stages A and C. Changes in the hemolymph levels of 20E

and HP in hemolymph over the molt cycle suggest ad-

ditional metabolic mechanisms by which the liters of ac-

tive molting hormones can be regulated.

Excretion of
[

3

H]-ecdysleroids was slower during early

premolt stages D and D, . suggesting that this reduced

rate may be an additional mechanism for regulating ec-

dysteroid titers. Study of
[

3

H]-ecdysteroids indicated that

metabolism proceeds primarily to HP that are excreted

in the urine with unaltered ecdysteroids. An additional

ecdysteroid metabolic route was found in the midgut

gland; this route removes ecdysteroids from the hemo-

lymph and transforms them into apolar metabolites prior

to their excretion in the feces. This route is similar to that

previously found for ingested [

3
H]-ecdysone, which was

converted to apolar conjugates without further absorption.

Introduction

The first ecdysteroid isolated from a decapod crustacean

was 20-hydroxyecdysone (20E) by Hampshire and Horn
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( 1966). Since that report, nearly 20 different ecdysteroids

have been identified from over 25 crustacean species (see

Chang. 1989, for review). 20E has been reported to be the

putative active molting hormone, because it specifically

alters premolt changes in kinase activities and protein

synthesis in epidermal tissues (Christ and Sedlmeier, 1987;

Traubel al.. 1987).

The primary ecdysteroid product of the molting gland,

or Y-organ. is thought to be ecdysone (Chang and O'Con-

nor, 1977). Additional evidence suggests that the Y-organ
secretes other ecdysteroids, namely 25-deoxyecdysone

(Lachaise et ai, 1989) and 3-dehydroecdysone (Spaziani

et al.. 1989). A single hydroxylation step converts ecdy-

sone and 25-deoxyecdysone to the more active products

20E and ponasterone A (P), respectively. Further metab-

olism proceeds by additional hydroxylation steps, for-

mation of acids, and conjugation to form polar and apolar

products (McCarthy, 1980, 1982; Lachaise and Lafont,

1984; Connat and Diehl, 1986; Snyder and Chang.
1991a. b).

Many decapod tissues absorb [

3

H]-ecdysone or
[

3

H]-
20E from the hemolymph (Kuppert et al., 1978; Mc-

Carthy, 1980, 1982) and metabolize these injected ecdy-

steroids in vitro ( Lachaise and Lafont, 1984). The metab-

olism of ecdysteroids has been studied in greater detail in

insects, and the structural identities of many metabolites

have been confirmed by mass spectrometry, nuclear mag-
netic resonance, and other chemical techniques (reviewed

by Koolman and Karlson, 1985).

A characteristic pattern of hemolymph ecdysteroid ti-

ters defines the crustacean molt cycle; i.e., titers are low

until the final large premolt peak, and this peak is followed

by a rapid decline just prior to ecdysis (Chang, 1989).

Recently, the decapods Uca pitgilator and Homarus
americanus were reported as having other significant liter

variations during their moll cycles (Hopkins, 1986; Snyder
and Chang, 199 la). Hemolymph 20E levels in Ihe lobster
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//. iiincricanus drop precipitously in late premolt, and the

drop is associated with an increase in the liter of highly

polar metabolites (Snyder and Chang, 199 la). The liters

of hemolymph ecdysteroids decrease bolh in lale premoll

and when regeneraling limb buds aulolomize. These

changes are explicable by increases in bolh the metabolism

of ecdysteroids lo polar conjugales and Ihe excrelion of

ecdysteroids ( McCarthy, 1980, 1982). Other than control

of the Y-organ by molt-inhibiting hormone, addilional

conlrolling mechanisms for Ihe regulalion of ecdysleroid

lilers are lillle known in cruslaceans (Chang, 1989).

Excretion palhways for ecdysleroids in cruslaceans have

received lillle altenlion. When decapods were injecled

wilh [

3

H]-ecdysone, [

3

H]-20E, or [

3

H]-P, much of Ihe ra-

diolabel appeared in Ihe surrounding waler wilhin 1 to

48h(Lachaisef/rt/.. 1976; Kuppert et al., 1978; Buchholz.

1982; Lachaise and Lafonl, 1984). Werecenlly cannulated

both the antennal gland and anus and found lhal ecdy-

sleroids are excreled bolh in urine and feces, allhough

urine is Ihe major roule (Snyder and Chang, 1991b). The

gul also excretes ecdysleroids from Ihe hemolymph, in

addition to playing an important role in detoxifying (by

apolar conjugalion) and excreling ingesled ecdysteroids

(Snyder and Chang, 1991b). That Ihe gul melabolizes ec-

dysleroids, whelher ingesled, endogenous, or injecled, has

been found in several arthropods (Isaac and Slinger, 1989).

Wehave injecled ecdysleroids into lobslers al five slages

in Ihe moll cycle, and have delermined Ihe levels of me-

laboliles produced. These sludies have revealed the

changes in ecdysteroid metabolism lhal occur during Ihe

moll cycle. In addilion, we have cannulaled the anus and

urinary pores, collecled Ihe radiolabeled metabolites, and

thus elucidated the excretory roules for injecled ecdyste-

roids.

Materials and Methods

Animals

Adult female Homanis americamts (420-570 g wet wt.)

were eilher oblained from a seafood supplier (Nel Result

Martha's Vineyard, Massachuselts) or were reared al Ihe

Bodega Marine Laboratory (Chang and Conklin, 1983;

Conklin and Chang, 1983). No differences were observed

belween the lobslers oblained from Ihese Iwo sources.

Only non-reproduclive lobslers were used in Ihis sludy to

avoid ovarian influences on ecdysleroid dynamics (La-

chaise et al., 1981). They were mainlained in a flow-

through system al 12 3.5C on a 16L:8D pholoperiod

and fed a mixed diel of frozen fish, shrimp, and live mus-

sels Ihrice weekly. The lobsler premoll slages D '

, D',,

D", D'i", D' : , and D, of Aiken (1973) are reported here as

stages Do
1

, D,
1

, D,
2

, D,\ D: ', and D2 \ respectively. Slag-

ing of postmoll and early inlermoll was made according

lo Ihe degree of softness of the carapace and chelae as

reported by Slevenson (1968).

Cannulalion was accomplished as follows. A lobsler

was reslrained on ils dorsum on a bed of ice. Bolh antennal

gland pores were then exlernally cannulaled by the meth-

ods of Holliday ( 1977). In addition, a cannula was inserted

into Ihe anus and held in place wilh cyanomethacrylate

glue. The cannula (3. 1 8 X 4.76 X 80 mm, i.d. X o.d. X 1 )

was open-ended and initially filled with air. Whenproperly

allached, water did nol enler Ihe cannula. When Ihe lob-

sler defecaled, Ihe feces expelled air dislally from the can-

nula. The remaining air in Ihe cannula prolecled the feces

from being conlaminaled by seawaler. Feces were col-

lecled from Ihe cannula after il was removed from Ihe

animal.

Injections

[23,24-'H]-ecdysone (89 Ci/mmol, New England Nu-

clear) was purified by high-performance liquid chroma-

tography (HPLC), dissolved in lobster saline (Mykles.

1980), and 3-4 ^Ci injected into the hemocoel al Ihe base

of Ihe fourth pereiopod. The injecled ecdysone did nol

raise Ihe levels of circulating ecdysleroids above Ihose

previously observed (Snyder and Chang, 199 la). Injecled

animals were in slages A-B, C4 , D ', D,
1

, and D2
2-D 3 '.

The hemolymph was sampled al 1,4, 12, 24, 48, 72, and

96 h after injeclion, and all excrela were collecled daily.

Each of Ihe collected samples was extracled in melhanol

and prepared for HPLC and liquid scinlillalion spec-

Iromelry, as described previously (Snyder and Chang,

1991a,b).

In one experiment, juvenile female lobsters (stage C4 ,

29_46 gwelwt.) were injecled wilh 1 /jCiof[
3

H]-ecdysone.

Al 1 h and 10 days, four lobslers were sacrificed, and Ihe

midgul glands, ovaries, abdominal muscles, hindguls, an-

lennal glands, epidermal tissues of the cephalolhorax, and

Ihe remaining carcasses were extracted in 100% methanol.

Following two re-extraclions and cenlrifugalions (10 min,

4 1 00 X g), portions of Ihe resullanl supernalanls were

subjecled lo liquid scinlillalion speclromelry for the de-

termination of lolal radioaclivity per lissue. Because Ihe

sample exlracls were highly diluled, no variations in

counting efficiency were observed. As a positive control,

we added [

3

H]-ecdysone to non-radiolabeled tissues prior

to Ihe exlraclion sleps and Ihus delermined lhal our tissue

exlraclion efficiencies were 80-90%.

HPLC

Samples of individual hemolymph, urine, and fecal ex-

tracts were dissolved in the appropriate solvent, centri-

fuged, and Ihe supernalanl injecled direclly onto a Walers

C| 8 juBondapak column (3.9 mmI.D. X 30 cm). One of

Ihe following reverse phase elulion condilions was used:
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Figure 1. Changes in the hemolymph level of injected ['H]-ecdysone

(E) as a function of time and molt stage. [

3

H]-ecdysone was injected at

time zero. Concentration of labeled ecdysone in the hemolymph ot lob-

sters is expressed as a percentage of the total
[

3

H]-ecdysteroids, and de-

termined by methanolic extraction of hemolymph samples followed by

scintillation counting of reverse phase-HPLC fractions. Samples were

separated with gradient systems #1 or #2 (see text) with either (or both,

for some samples) methanol or acetonitrile as the solvent. Molt stages

A. C, D , D,, and D2 refer to the morphological designations of Aiken

(1973). Sample sizes were as given for Table I with the addition of n = 3

for stage A. Standard deviation bars are omitted for clarity.

( 1 ) a 35 min linear gradient of 20-100% methanol in water

at 1.0 ml/min (1.0 min fractions); (2) a linear gradient of

20-100% acetonitrile in 20 mMTris, pH 7.5, at 1.0 ml/

min (1.0 min fractions collected); or (3) a linear gradient

of 20-100% methanol in 20 m.l/Tris, pH 7.5, at 1.0 ml/

min ( 1 .0 min fractions collected). In all cases, we employed

a Waters HPLC system. Duplicate samples from each

fraction were analyzed by scintillation spectrometry. The

sum of the radioactive ecdysteroids recovered in the

HPLC-fractions was equal to 70-85% of the total, un-

fractionated radioactivity. The amount of each [

3

H]-ec-

dysteroid metabolite was expressed as the percentage of

the total radioactivity, and the values at each time point

were compared statistically by ANOVAand Scheffe tests

of arcsine transformed values (Sokal and Rohlf, 1969).

Enzymatic hydrolysis

The fractions resulting from HPLCthat contained ec-

dysteroids of greater polarity than 20E are designated

"polar fractions." The polar fractions from individual

samples of urine and feces were pooled and then incu-

bated, at 37C for 24 h. in 1.0 ml sodium acetate buffer

(50 mM, pH 5.5) containing 3.0 mg/ml type H-2 Helix

pomatia sulfatase (Sigma). Apolar fractions from fecal

samples were dissolved in ethanol (5% v/v in final hydro-

lysis mixture) with or without addition of enzymes, and

incubated for 72 h (Whiting and Dinan, 1988). These

modifications increased the hydrolysis of apolar material

(Whiting and Dinan, 1988; Snyder and Chang, 1991b).

After the addition of three volumes of methanol to ter-

minate the reactions, the samples were centrifuged at 4 1 00

X g. re-extracted twice, and the pooled supernatants

evaporated under reduced pressure and analyzed by

HPLC-scintillation spectrometry.

Results

Hemolymph ecdysteroids

Changes in hemolymph ecdysteroid metabolites were

followed for 96 h after the injection of [

3

H]-ecdysone.

Figure 1 shows the rate of disappearance of ecdysone from

the hemolymph. The loss of ecdysone, as a percentage of

the total hemolymph [

3

H]-ecdysteroids, was not signifi-

cantly different from one molt stage to another. Within

1 h, ecdysone levels had fallen to about 70% of the total.

Levels dropped dramatically to 6.5- 1 2.2% by 24 h. Levels

of [

3

H]-ecdysone did not fall to zero and were still 2.5-

5.5% of the total at 96 h.

Hemolymph [

3

H]-20E levels were also followed after

the injection of
[

3

H]-ecdysone (Fig. 2). By 1 h, [

3
H]-20E

percentages were 17-27%. of the total [

3

H]-ecdysteroids

and not significantly different among the different molt

stages. At 4 and 12 h, lobsters in stages D and D, had

higher percentages of labeled 20E (relative to other ec-

dysteroids) than at other molt stages. Levels of 20E for

both stages (>75% of the total) were consistently higher

20E
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Figure 2. Change in the hemolymph level of radiolabeled 20-hy-

droxyecdysone (20E) as a function of time and molt stage. ['H]-ecdysone

was injected at time zero. Concentration of labeled 20E in the hemolymph

of lobsters is expressed as a percentage of the total [

3

H]-ecdysteroids.

Separation and quantification conditions are as listed in Figure 1 and

Materials and Methods. Sample sizes are as given for Table I with the

addition of n = 3 for stage A. Bars indicate one standard deviation from

the mean.



478 M. J. SNYDERAND E. S. CHANG

T3
O

LJ

-C
a

^v
o
E
0)

o
*-*

c

tu

Q.

100 n

75-

12 24 36 48 60 72 84 96

Time After Injection (h)

Figure 3. Change in the hemolymph level of radiolabeled highly

polar ecdysteroid metabolites (HP) as a function of time and molt stage.

['H]-ecdysone was injected into lobsters at time zero. Concentration of

labeled HP in the hemolymph is expressed as a percentage of the total

['H]-ecdysteroids. Separation and quantification conditions are as listed

in Figure I and Materials and Methods. Sample sizes are as given for

Table I with the addition of n = 3 for stage A. Bars indicate one standard

deviation from the mean.

than those of other stages through 96 h. Premolt lobsters

in stages D, and D2 had similar 20E percentages at least

until 12 h post-injection of [

3

H]-ecdysone. By 24 h, the

[

3

H]-20E in the D2 lobsters started to drop dramatically,

reaching, by 72-96 h, levels equivalent to those in stages

A and C. Levels of [

3

H]-20E were significantly lower in

D: than either D or D, lobsters by 24 h. The concentra-

tions of [

3

H]-20E in stages A and C changed together

throughout the 96 h experiment. Levels for those two

stages peaked (41-47%) at 4 h, and then dropped to 7.9-

11.1% of the total [

3

H]-ecdysteroids by 72 h. Stage A and

C
[

3
H]-20E levels were significantly lower than those of

all other stages until 96 h post-injection, when stage D:

lobsters had similar values. These data indicate that the

rate of 20E loss becomes significantly faster as lobsters

approach stage D, .

Changes with time in the percentages of highly polar

ecdysteroid metabolites (HP) were the converse of those

in 20E (Fig. 3). All molt stages were similar from 1-4 h

post-injection of [

3

H]-ecdysone. The hemolymph per-

centages of [

3

H]-HP in stages D and D, lobsters barely

increased. This is because [

3

H]-20E percentages remain

high in these two stages through 96 h (Fig. 2). The per-

centage of
[

3

H]-HP in late premolt stage D: lobsters was

equivalent to those in D and D, animals through 12 h

(8-17% of the total), then rose to a significantly higher

level by 48 h. At 72 h, stages D: , A, and C had similar

[

3

H]-HP percentages. Stage A and C lobsters both showed

rapid increases in [

3

H]-HP percentages that were signifi-

cantly higher (increasing to >75% of the total) than those

in other molt stages.

Ecd\ -steroid e.\cn't ion

Table I gives the data for total excretion of
[

3

H]-ecdy-

steroids, as a percentage of the injected dose, during the

first 6 or the first 1 5 days after injection of
[

3

H]-ecdysone.

Lobsters in stages D,, and D, excreted significantly less

ecdysteroids (12%.) in the first 6 days after injection than

those in stages C or D2 (30%). By 1 5 days, D lobsters had

excreted significantly less [

3
H]-ecdysteroids (28%) than

those in stage D, (39%) and C (45%). Urine was always

the major route for ecdysteroid excretion (Table I). In

stages C and D: , 90-96% of the radiolabel was excreted

in the urine. Significantly more [

3

H]-ecdysteroids were

excreted in the feces of stage D and D, lobsters than at

stages C or D: .

Ecdysteroid metabolites

Lobsters in stages C through D, were injected with [

3

H]-

ecdysone. Ninety-six hours later, the profiles of ecdysteroid

metabolites in hemolymph, urine, and feces were exam-

ined. The data for injections into stages C (Fig. 4) and D,

(Fig. 5) were similar to those for injections into stages D:

and D
(l , respectively. Therefore, profiles for the latter in-

jections are not shown. At least four HPwere resolved by

RP-HPLC. Besides 20E, ecdysone, and P, two of these

HP were tentatively identified as epimers of 20-hydroxy-

ecdysonoic acid (20EA) and 20,26-dihydroxyecdysone

(20.26E). The characterizations were based on co-elution

with authentic standards in at least two different solvent

systems; normal phase separations were also performed

on some samples (data not shown). In addition, two other

ecdysteroid metabolites were designated as "highly polar

Table I

Percentage of radioactivity recovered from excreta of adult lobsters

following injection of[''H]-ecdysone

Urine plus feces
2

Days 1-15 3

Molt stage
1

n Days 1-6 Days 1-15 Urine Feces

C
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Figure 4. Reverse phase-HPLC-scintillation spectromelric analyses

ofhemolymph, urine, and fecal [

3

H]-ecdysteroids. Samples were obtained

from a stage C4 lobster 96 h after injection of pH]-ecdysone. Separation

conditions are described in Figure 1 . The retention times of authentic

20-hydroxyecdysonoic acid epimers (20EA), 20,26-dihydroxyecdysone

(20.26E), 20-hydroxyecdysone (20E), ecdysone (E), ponasterone A (P),

and 22,25-dideoxyecdysone (triol. T) are shown. Two highly polar ec-

dysteroid products, which include conjugates and non-enzyme-hydro-

lyzable metabolites, are labeled as HP1 and HP2.

with a retention time similar to that of 22,25-dideoxyec-

dysone (triol, T). Only small percentages of [

3

H]-20E, ec-

dysone, and P were ever found in the feces of any molt

stage.

Metabolite profiles for stage D2 -D, are shown in Figure

5. The major hemolymph ecdysteroid at this stage was

20E, with smaller amounts of HP1, HP2, 20.26E, and

ecdysone. The urinary profile is also shown. Fecal [

3

H]-

ecdysteroids were >99% apolar products. Hydrolysis of

the fecal apolar material yielded a number of products

(Fig. 6). The profiles of fecal ecdysteroid conjugates varied

according to molt stage. Figure 6 shows the profile of a

premolt stage D, lobster fecal sample 10 days post-injec-

tion; at this time, 20E was the major hemolymph metab-

olite. Hydrolysis yielded a large percentage of 20E, and

smaller amounts of HP1, ecdysone, P, T, and unhydro-

lyzed apolar components. During intermolt stage C, hy-

drolysis of fecal apolar ecdysteroids resulted in a higher

percentage of free HP (data not shown).

The uptake and metabolism of [

3

H]-ecdysone injected

into hemolymph was studied in juvenile lobsters in in-

termolt stage C (Table II). By 1 h after injection, only

33%of the radiolabel remained in the hemolymph. Tissues

such as hindgut, antennal glands, immature ovaries, and

epidermis all contained <1% of the injected dose at 1 h.

Only abdominal muscle (3.7%), midgut gland (4.5%), and

1" (HP1) and "highly polar 2" (HP2). The most polar

metabolite, HP1, was a mixture of conjugates of 20EA,

20.26E, and 20E and also contained Helix pomalia en-

zyme-resistant compounds. The urine of stage D: lobsters

contained significantly more HP1 material as enzyme-

hydrolyzable conjugates than any other molt stage. This

result indicates that ecdysteroid conjugation may increase

in the late premolt stage. Hydrolysis of HP2 also yielded

20EA, 20.26E, 20E, and non-hydrolyzable material.

Raising both the concentration of enzymes and incubation

times failed to increase the hydrolysis of HP1 and HP2,

supporting the idea that they may also contain other types

of ecdysteroid metabolites. There were no significant dif-

ferences between any of the molt stages in 20E and ec-

dysone excretion as percentage of the total ecdysteroids

excreted per day in urine. But, since the excretion rates

in stages C and D2 were significantly higher in days 1-6

(Table II) than those in Dn and D, , more free 20E and

ecdysone were excreted in the urine of the former stages.

The hemolymph of stage C lobsters, 96 h after injection,

contained mainly HP2, 20EA, 20.26E, and 20E. Smaller

quantities of HP1 , ecdysone, and P were also present. The

urine of stage C animals contained almost 90%. HP with

HP2, 20.26E, and 20E in similar proportions. The feces

contained >95%> apolar material; one component eluted
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Figure 5. Reverse phase-HPLC-scintillation spectrometric analyses

ofhemolymph, urine, and feces from a lobster at stage D2-D 3 (when the

hemolymph ecdysteroids reach a maximum). The animal was injected

with ['H]-ecdysone in stage D, and sampled 96 h later. Separation con-

ditions are described in Figure 1 . Abbreviations for the various ecdysle-

roids are as in Figure 4.
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carcass (45%) contained appreciable radioactivity at 1 h.

When calculated as percentage of dose per gram wet

weight of tissue, the largest amounts were found (after 1

h) in the antennal glands (16%) and ovaries (1 1%). The

smallest quantities on a per weight basis were found (after

1 h) in muscle ( 1 .5%) and carcass ( 1 .8%).

By 10 days post-injection, about 41%> of the injected

dose had been lost due to excretion. Concomitantly, most

tissues had very low levels of radioactivity; hindgut, an-

tennal glands, epidermis, ovaries, and muscle all contained

0.1-0.2% of the initial label. Higher levels were found in

hemolymph (1.0%), midgut gland (5.2%), and carcass

(14%). On a wet weight basis, significantly higher levels

were associated with hindgut, antennal glands, and midgut

gland (30-32%). Clearly, by 10 days, the midgut gland

had concentrated much more ['H]-ecdysteroids than any
other single tissue examined.

At 1 h and 10 days, 1 1% and 38% of the injected dose,

respectively, could not be accounted for by either losses

in methanol extraction (81% efficiency), leakage from the

injection site (about 2.5%, as judged from counts of ab-

sorbent paper held on the wound for 30 s after injection,

and from counts of the seawater bath 1 h later), or from

adherence to the injection needle (about 5%). Possible

explanations for these unexplained losses are [

3

H] ex-

change or the activity of side-chain cleaving enzymes; the

latter has been suggested to occur in decapod crustaceans

(Lachaise and Lafont, 1984) and in other arthropods

(Koolman and ivarlson, 1985).

Some tissue extracts from 1 hand 10 days after injection

of juvenile lobsters were also studied by RP-HPLC (Fig.

V
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Figure 6. Enzyme treatment of fecal ['H]-ecdysteroids from a stage

D, lobster. Ecdysteroids were isolated from feces and incubated without

(a) or with (b) Helix /tuniutiu sulfatase. The samples were then analyzed

by reverse phase-HPLC. Separation conditions are described in Figure

1 . Abbreviations for the various ecdysteroids are as in Figure 4.

7). In 1 h, the largest amount of
[

3

H]-ecdysteroids in he-

molymph remained as ecdysone. followed by smaller

quantities of 20E and P. Only about 2%. of the dose was

found as HP in hemolymph 1 h after injection. Abdominal

muscle contained higher levels of 20E than hemolymph,
but ecdysone was still the major ecdysteroid at 1 h. At 1

h, muscle contained slightly higher (about 5%) levels of

HP than did hemolymph. Large amounts of 20.26E, and

Table II

Recovery of radioactivity in tissues <>/ juvenile lohstcrs injected will) [

3
H]-ecdysone

]

Sample n H
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in hemolymph after increases in 20E. In H. americainis,

hemolymph metabolites appeared in the following order:

ecdysone -* 20E -* HP. The metabolism of a single in-

jected dose of [

3

H]-ecdysone appeared to mimic normal

ecdysteroid metabolism in lobsters. Highly polar metab-

olites were the major circulating ecdysteroids in all lobster

molt stages, except during mid-late premolt, the period

when the major peak of ecdysteroids occurs in the he-

molymph (Snyder and Chang, 199 la). However, of the

metabolites detected by RIA in lobster hemolymph. urine,

and feces (Snyder and Chang, 1991a,b), not all were found

after the injection of pHj-ecdysone. A few unidentified

metabolites eluting from the RP column between ecdy-

sone and P were absent in the present study. Gilbert (1989)

advised caution in the interpretation of
[

3

H]-ecdysone in-

jection experiments, as similar incomplete ecdysteroid

profiles were found in Manduca sexta.

Injections of [

3

H]-ecdysone into cannulated lobsters

confirmed that the likely route for excretion of ecdysteroid

metabolites (HP, and unconjugated 20E, ecdysone, and

P) from hemolymph is via the urine in all molt stages.

Equivalent results were found when excreta were assayed

by RIA throughout the molt cycle (Snyder and Chang,
1 99 1 b). Others have shown that HPwere formed by deca-

pod crustaceans following the injection of pH]-ecdysone
or ['H]-P (Lachaise el ai. 1976; Kuppert el ai. 1978;

McCarthy, 1980. 1982; Buchholz, 1982; Lachaise and

Lafont, 1984). Some of these metabolites, including con-

jugates, have also been found in the seawater surrounding
the animals (Buchholz, 1982; Lachaise and Lafont, 1984).

The only differences related to the molt cycle that were

discovered in lobster urine were in the amounts of HP
conjugates, which were much higher in late premolt (stage

Di) lobsters. It may be that highly polar conjugates are

destined for excretion only in non-reproductive lobsters,

and that excretion is more significant during the rapid

decline in ecdysteroid titer just prior to ecdysis. Lachaise

and Lafont ( 1984) found similar increases in highly polar

ecdysteroid conjugates in late premolt crabs (Carcinus

maenas) after injection of ponasterone A. Polar conjugates

are loaded into vitellogenic ovaries, and thus may be po-

tential sources of ecdysteroids for developing crustacean

embryos (Lachaise el ai. 1981; Spindler el ai. 1987).

The data on excretion rates (Table I), suggest that lob-

sters have an additional mechanism for regulating ecdy-

steroid levels. Initial excretion rates were higher for in-

termolt (stage C) and late premolt (stage D2 ) lobsters after

the final hemolymph peak. Additionally, the excretion

rate increased in mid-premolt (stage D, ), in the latter part

of the 1 5-day observation period, at a time after injection

equivalent to stage D: lobsters. The data indicate that

excretion rates vary with the stage of the molt cycle; reg-

ulation of these excretion rates may therefore be an ad-

ditional means of altering ecdysteroid liters. These results

agree with earlier studies on insects. Hoffmann et ai

(1974) and Koolman and Walter ( 1985) provided evidence

that excretion rates varied and were lowest at times of

peak hormone titer in locusts and blowflies. The role of

excretion in regulating ecdysteroid liters in crustaceans

remains obscure.

Excretion of ['H]-ecdysteroids in lobster feces was de-

tecled following injeclion of ['H]-ecdysone inlo hemo-

lymph. These data confirm those from earlier RIA data

(Snyder and Chang, 1991b), indicaling lhal the lobster

gut can absorb ecdysleroids from hemolymph and Irans-

form Ihem inlo apolar conjugales prior lo Iheir excrelion

in feces. Apolar ecdysteroid conjugates were also found

in larval crabs after ihe injeclion of
[

3

H]-ecdysone (Connal
and Diehl, 1986). The apolar malerial in lobsler feces

consisled of conjugales of HP melaboliles and 20,26E,

20E, ecdysone. and P. Apolar ecdysleroid-conjugaling

enzymes in Ihe gul are. Iherefore, nol specific for particular

melaboliles. Conjugaling enzymes are similarly non-spe-

cific in spiders (Connal et ai, 1988c), licks (Connal et ai,

1988b), mealworms (Delbecquerttf/., 1988), and crickels

(Whiling and Dinan, 1988). The apolar melaboliles have

been identified as long-chain fally acid eslers in a variely

of arthropods, but their definilive idenlification in crus-

taceans awails further sludy (Hoffman et ai. 1985: Kubo
et ai. 1987; Whiling and Dinan, 1989). The failure of

olhers lo find apolar conjugales as major ecdysleroid me-

tabolites of arthropods has been attributed to losses in

purificalion or in ihe choice of HPLCcondilions (Connat

and Diehl. 1986).

When ingested by lobslers, [

3

H]-ecdysone is converted

lo apolar conjugates withoul further melabolism lo olher

ecdysleroids or absorplion from Ihe gut (Snyder and

Chang, 1991b). Similarly, ingested ecdysteroids are effi-

cienlly "detoxified" to apolar metabolites in a variety of

arthropods including spiders (Connat et ai. 1988c), licks

(Connal et ai, 1988a), and tobacco budworms (Kubo et

ai, 1987). The role of the lobsler midgul gland in apolar

ecdysteroid conjugalion was confirmed by injeclion of

['H]-ecdysone (Table II; Fig. 7). Appreciable amounls of

apolar conjugales were only found in Ihe midgul gland.

This finding parallels resulls derived from in vitro sludies

of Ihe lobster (Snyder and Chang, 1992) and crayfish mid-

gul glands (Gorell et ai, 1972). Appreciable amounls of

apolar conjugates were also found in the crayfish midgut

gland after injection of [
3
H]-ecdysone into Ihe hemolymph

(Kuppert et ai. 1978). The funclion of Ihe midgul gland

is slill unclear in relalion lo ils role in ecdysleroid melab-

olism; il mighl be Ihe slow release of apolar conjugates

inlo Ihe feces, or Ihe provision, after hydrolysis, of an

addilional source of aclive hormone. Bolh Sehnal et ai

(1981) and Williams (1987) have shown thai Ihe insecl

pupal midgul conlains a mobilizable source of ecdysle-

roids that is sufficient to drive the pupal-adult transition
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in the absence of prothoracic glands. The lack of appre-

ciable absorption of [

3

H]-ecdysone after ingestion by H.

americanus argues that the sole function of this ecdyste-

roid metabolic route in crustaceans may be for excretion.

Apolar ecdysteroid conjugates have been found in ova-

ries and embryos in other arthropods, such as ticks (Con-

nat ct al., 1988b), cockroaches (Slinger and Isaac, 1988),

and crickets (Whiting and Dinan, 1988, 1989). Similar

studies should be conducted on crustaceans to determine

the presence of these apolar conjugates in ovaries and

embryos.
In conclusion, the metabolism of [

3

H]-ecdysteroids in

H. americanus involves both polar and apolar pathways.

The overall metabolic routes of lobster ecdysteroids are

therefore similar to those found in a variety of other ar-

thropods.
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